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Objective: Chondrocyte stresses and strains in articular cartilage are known to modulate tissue mecha-
nobiology. Cell deformation behavior in cartilage under mechanical loading is not known at the earliest
stages of osteoarthritis. Thus, the aim of this study was to investigate the effect of mechanical loading on
volume and morphology of chondrocytes in the superﬁcial tissue of osteoarthritic cartilage obtained
from anterior cruciate ligament transected (ACLT) rabbit knee joints, 4 weeks after intervention.
Methods: A unique custom-made microscopy indentation systemwith dual-photon microscope was used
to apply controlled 2 MPa force-relaxation loading on patellar cartilage surfaces. Volume and
morphology of chondrocytes were analyzed before and after loading. Also global and local tissue strains
were calculated. Collagen content, collagen orientation and proteoglycan content were quantiﬁed with
Fourier transform infrared microspectroscopy, polarized light microscopy and digital densitometry,
respectively.
Results: Following the mechanical loading, the volume of chondrocytes in the superﬁcial tissue increased
signiﬁcantly in ACLT cartilage by 24% (95% conﬁdence interval (CI) 17.2e31.5, P < 0.001), while it reduced
signiﬁcantly in contralateral group tissue by 5.3% (95% CI 8.1 to 2.5, P ¼ 0.003). Collagen content in
ACLT and contralateral cartilage were similar. PG content was reduced and collagen orientation angle was
increased in the superﬁcial tissue of ACLT cartilage compared to the contralateral cartilage.
Conclusions:We found the novel result that chondrocyte deformation behavior in the superﬁcial tissue of
rabbit articular cartilage is altered already at 4 weeks after ACLT, likely because of changes in collagen
ﬁbril orientation and a reduction in PG content.
 2012 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Chondrocytes are responsible for producing articular cartilage
matrix molecules, proteoglycans (PGs) and collagen, and for
maintaining the integrity of the extracellular matrix (ECM)1.
Interstitial ﬂuid is also an important component of the ECM1e3.
Chondrocyte volume and morphology are known to change both
under mechanical stress4e9 and during the progression of osteo-
arthritis (OA)10. Altered cell biomechanics could lead to changes in
cell biosynthesis during OA8,9, however, cell responses toS.M. Turunen, Department of
27, FI-70211 Kuopio, Finland.
Turunen), sangkuy.han@
. Herzog), rami.korhonen@
s Research Society International. Pmechanical loading at the very early stages of OA onset are not
known in vivo or in situ.
First signs of OA, usually seen in the superﬁcial cartilage, include
cartilage hydration and swelling1,11e13, alterations in the collagen
network14, ﬁbrillation of the cartilage surface, and reduced PG
content1,11e15. Later in the disease, ﬁbrillation of the cartilage
surface reaches deeper zones and eburnation of the subchondral
bone can be detected14. Although OA, and associated cartilage
degeneration, have been studied extensively, the very onset of the
disease, and the changes in the cell mechanics as well as the rela-
tion between cell responses and structural changes of the tissue,
remain virtually unknown.
Animal models are widely used to study the progression of OA
using mechanical interventions, such as meniscectomy16,17, liga-
ment transection18e22 or a combination of the two23,24. These
procedures lead to changes in joint loading and kinematics which,
in turn, lead to the onset and progression of OA20,25. Anteriorublished by Elsevier Ltd. All rights reserved.
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model that has been shown to mimic human OA structurally, bio-
logically and biochemically26e29. It has been found that degenera-
tive changes in the rabbit ACLT model may occur as early as
4e12 weeks after intervention26,30e32. For example, Hashimoto
et al.32 detected osteophyte formation at 4 weeks following ACLT in
rabbit femoral condyles. Also, Yoshioka et al.26 found ﬁbrillation of
the femoral articulating surfaces, and thickening of the cartilage
4 weeks following ACLT. At 8 weeks after ACLT, moderate/severe OA
was already present26. Finally, Papaioannou et al.30 found ﬁssures in
cartilage at different locations of the rabbit knee at 8 weeks after
ACLT.
Although changes in cartilage tissue during OA have been studied
extensively, there is little information on the corresponding
responses of chondrocytes. Han et al.33 developed a confocal
microscopy indentation system for studying in situ chondrocyte
mechanics. This system allows chondrocytes to be studied in their
native environmentwithout the need to isolate cells from the ECMor
to prepare explants, whichwould affect themechanical environment
and deformation behavior of the cells34. Using this system, Han
et al.31 discovered that at 9 weeks after ACLT cell volumes increased
in mechanically compressed cartilage, while opposite cell volume
behavior was detected in contralateral and normal joint cartilage.
The purpose of this study was to determine (1) if cell responses
in mechanically compressed articular cartilage are altered as early
as 4 weeks after ACLT (very early stage of OA) and (2) if the cell
mechanics change before structural alterations in the tissue, or if
alterations in cell mechanics are related to detectable structural
changes in the ECM. Unilateral ACLT was performed in 10 rabbits,
and chondrocyte volume and morphology in the superﬁcial tissue
were quantiﬁed in fully intact rabbit patellar cartilage in loaded and
unloaded states using a custom-made testing system coupled with
dual-photon excitation microscope33. Depth-wise collagen content,
collagen ﬁbril orientation, and PG content were quantiﬁed with
Fourier transform infrared (FTIR) microspectroscopy, polarized
light microscopy (PLM) and digital densitometry (DD), respectively.
We concentrated on the superﬁcial cartilage in which the ﬁrst
changes of OA typically occur11,35,36.
Methods
Animal model
Unilateral ACLT was conducted for 10 skeletally mature female
New Zealand white rabbits (Oryctolagus cuniculus, age 14 months,
weight 5.4  0.6 kg) under general anesthesia. The use of female
rabbits only provided us with a homogeneous group. The contra-
lateral side was not subjected to any surgical procedure. Animals
were sacriﬁced 4 weeks after ACLT (29 1 days, this small standard
deviation (SD) was due to technical reasons), the knee joints from
the experimental and contralateral side were harvested, and the
intact patellae were removed from the joints. This procedure was
carried out according to the guidelines of the Canadian Council on
Animal Care and was approved by the committee on Animal Ethics
at the University of Calgary.
Tissue preparation
Specimen preparation was done similarly as described previ-
ously31,33. Brieﬂy, ﬂuorescein conjugated Dextran (3 kDa molecular
weight, excitation 488 nm, emission 500 nm, Invitrogen, Molecular
Probes, OR, USA) was used for staining the samples. First, Dextran
was suspended in Dulbecco’s Modiﬁed Eagle’s Medium (DMEM,
Gibco, OR, USA) with the ﬁnal concentration of 4.8 mg/ml. The
Dextran concentration was higher than previously31, because thequantum yield was lower. This way similar ﬂuorescent image
quality as before was ensured. Then the intact patella was incu-
bated in the solution for 4 h at 4C. After staining, the samples were
washed in phosphate buffered saline (PBS, 300e304mOsm, pH 7.4)
two times for 10 min in order to remove excess Dextran. After
washing, the samples were ﬁxed in a custom-made sample holder
with dental cement and a self-tapping bone screw in 15e30 min
(Fine Science Tools, North Vancouver, BC, Canada). During and
after ﬁxation, the samples were kept moist with PBS.
Mechanical indentation and microscopy
Mechanical indentation of the cartilage samples was done
according to a previously described protocol31 using a unique
microscopy indentation system described in detail earlier
[Fig. 1(a)]33. Brieﬂy, a light transmissible indentation system (round
glass indenter, total diameter 2mm)mounted on the stage of a dual-
photon microscope (Chameleon XR infrared laser, Coherent Inc.,
USA) directly in front of the objective (40 0.8 NAwater-immersion
objective, Zeiss Inc., Germany) was used for capturing images of
chondrocytes. First, a small preload (0.1e0.2 MPa) was applied in
order to ensure a contact between the indenter and the sample. A
pressure of 2 MPa was then applied on the middle of the patellar
sample (corresponding to submaximal compression load37) at an
average speed of 10 mm/s. After reaching the wanted stress level, the
displacement was held constant for 20min, thus the stress level was
reduced to 0.71 MPa (95% conﬁdence interval (CI) 0.61e0.81 MPa)
and 0.78 MPa (95% CI 0.64e0.92 MPa) in ACLT and contralateral
samples (P ¼ 0.427), respectively, in the end of the experiment38.
Image stacks (xy plane, 512  512 pixels, pixel size
0.41 mm  0.41 mm) were obtained with 0.5 mm vertical z-axis
increments up to 60 mm in depth from the cartilage surface (same
parameters as in31,33,39,40), while the analyzed cells were located
approximately at 20 mm depth. The system was calibrated by
measuring polystyrenemicrospheres (Polysciences Inc., Warrington,
PA, USA) of 5.93  0.05 mm in diameter in Dextran stained agarose
gel using the same setup as in the actual cell measurement tests. A
correction factor for z-axis distortion was obtained by dividing the
known microsphere diameter with their apparent height31,33.
The acquired imageswere imported into image analysis software
ImageJ (National Institute of Health, USA), and the morphology of
approximately 10 superﬁcial tissue cells from each sample (image
stack) was analyzed before and after loading, i.e., individual cells
were tracked (n ¼ 8 samples, N ¼ 77e79/group). The number of
samples used for cell morphometric analysis and local tissue strains
was eight, since the Dextran labeling of the ECM did not work
properly for the ﬁrst two specimens. Bright ﬂuorescence of the ECM
was detected still after loading (at most 10e15% reduction in the
ﬂuorescence intensity), ensuring minimal photobleaching. Image
thresholds were deﬁned from intensity histograms individually for
each cell with its background using the median value33. The Visu-
alization Toolkit 5.2.0 (Kitware Inc., USA) was used for recon-
structing 3D-images of the cells, and a code, programmed with
Python, was used for calculating cell volumes (for more details
see41). Brieﬂy, a Gaussian convolution of the original images was
performed for the analysis of cell volumes. Iso-surfaces of the cell
volumes were then created, followed by forming triangle polygons
representing the iso-surfaces. Finally, cell volumes were calculated
from the triangle meshes. Width and depth (x- and y-directions) of
cells were deﬁned along the minor and major axes of the cell cross
sections taken perpendicular to the height of the cells (z-direction)
using Matlab R2007b (MathWorks Inc., USA)31,33.
The local axial ECM strain was deﬁned by measuring the change
in distance between the centroids of paired cells in the unloaded
and loaded conﬁguration in axial direction (n ¼ 8). The local
Fig. 1. (a) (i) Mechanical indentation system mounted on a dual-photon microscope, (ii) a schematic presentation of the measurement setup33, (iii) typical microscopic images of
the Dextran stained samples, (iv) a 3D-presentation of a chondrocyte, and representative FTIR (b), PLM (c) and DD (d) images for determination of collagen content, collagen
orientation and PG content, respectively.
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detectable cells in the same focal plane (xey) of the dual-photon
microscopic images and by analyzing the change in the distance
between the cells in the unloaded and loaded conﬁguration
(n ¼ 8)7,31. The global tissue strain was calculated by dividing the
tissue axial compression by the total cartilage thickness (n ¼ 10).
The Young’s modulus of the samples was calculated using the








where Emeasured is the modulus calculated directly from the
experiments at equilibrium (stress divided by strain), a is the radius
of the indenter, h is the thickness of the cartilage, n is the Poisson’s
ratio (estimated to be 0.1643) and k is the novel scaling factor44.
Matlab R2007b was used for these analyses.
Microscopic and spectroscopic analysis of tissue structure
Sample processing
Following indentation testing, patellae were ﬁxed in formalin,
decalciﬁed with ethylenediaminetetraacetic (EDTA), dehydrated,
and treated with xylene before embedding in parafﬁn (n ¼ 10) (for
details see45e47). Microscopic sections [three slices per sample,
mid-region of the patella, i.e., the same area where the cell loading
occurred, Fig. 1(a)] were cut perpendicular to the cartilage surface.
For FTIR microspectroscopy and PLM ﬁve mm thick sections were
deparafﬁnized and PGs were removed with hyaluronidase diges-
tion (1000 U/ml hyaluronidase, SigmaeAldrich, St. Louis, MO, USA).
For DD, the samples were three mm thick and stained with safranin
O. Sections for FTIR were placed on ZnSe windows, while those for
PLM and DD were placed on standard microscopic slides.
Structural analysis
The spatial collagen content was determined with FTIR micro-
spectroscopy (n¼ 10). Molecular components in biological samples
have a characteristic infrared absorption spectrum, thus, thedistribution of the components can be quantiﬁed [Fig. 1(b)]48e50.
Depth-dependent collagen ﬁbril orientation was analyzed using
PLM [Fig.1(c), n¼ 10]. The orientation of the collagen ﬁbrils leads to
an optical path difference (birefringence) of the light47,51,52. The
measured birefringence depends on the angle between the axis of
the polarization and ﬁbril, and thus, collagen orientation can be
measured. Spatial PG content was determined by quantifying the
optical density (OD) of safranin O stained sections using DD
[Fig. 1(d), n ¼ 10]. Safranin O is a cationic dye which binds to
negatively charged glycosaminoglycans. OD values have been
found to correlate with the PG concentrations in cartilage tissue53.
See Supplementary material for more details.
Statistical analysis
All results are shown as mean and 95% CI. The number of
samples is given as “n” and number of cells as “N”. When comparing
cell parameters between groups (ACLT, contralateral), a one-way
analysis of variance (ANOVA) was applied for individual cells (N).
The structural and compositional differences between the samples
(n) were evaluated with Wilcoxon signed rank test. The level of
signiﬁcance was 0.05 for all of the tests. All statistical analyses were
performed with SPSS 17.0 (SPSS Inc, Chicago, IL, USA).
Results
Mechanical indentation tests
Before loading, chondrocyte volumes in ACLT patellae were
signiﬁcantly smaller than in contralateral patellae [Table I, Fig. 2(a)].
Similarly, cell height, width and depth in the ACLT group were
signiﬁcantly smaller compared to the contralateral group [Table I,
Fig. 2(bed)]. Cell aspect ratios in the ACLT and contralateral joint
cartilage before the mechanical loading were similar: height/
width: 0.47 (95% CI 0.45e0.50) and 0.47 (95% CI 0.43e0.50)
(P ¼ 0.928), height/depth: 0.68 (95% CI 0.65e0.71) and 0.66 (95%
CI 0.62e0.70) (P ¼ 0.718), respectively.
Table II
Cell volume, height, width and depth after loading in ACLT and contralateral groups
(n ¼ 8), and statistical differences between the groups (P-values)
ACLT mean (95% CI)
(N ¼ 79)




Volume (mm3) 368 (349e387) 405 (384e425) 0.013
Height (mm) 4.7 (4.5e4.8) 4.9 (4.7e5.1) 0.080
Width (mm) 14.8 (14.3e15.3) 15.7 (15.2e16.3) 0.018
Depth (mm) 10.8 (10.5e11.0) 10.9 (10.5e11.2) 0.882
Table I
Cell volume, height, width and depth before loading in ACLT and contralateral
groups (n ¼ 8), and statistical differences between the groups (P-values)
ACLT mean (95% CI)
(N ¼ 79)




Volume (mm3) 305 (289e321) 431 (409e453) <0.001
Height (mm) 5.7 (5.5e5.9) 6.5 (6.2e6.8) <0.001
Width (mm) 12.6 (12.1e13.0) 14.0 (13.5e14.5) <0.001
Depth (mm) 8.5 (8.3e8.8) 9.6 (9.4e9.9) <0.001
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cells increased signiﬁcantly in the ACLT group, while it decreased
signiﬁcantly in the contralateral patella [Tables II and III, Fig. 2(a)].
Consequently, the average change in cell volume caused by
mechanical loading was signiﬁcantly different in the ACLT
compared to the contralateral group [Tables II and III, Fig. 2(a)]. Cell
height decreased, while width and depth increased signiﬁcantly
after loading in both groups [Tables II and III, Fig. 2(bed)]. However,
changes in cell width and depth were signiﬁcantly larger in the
ACLT than in the contralateral group, while the change in cell height
was signiﬁcantly larger in the contralateral group [Tables II and III,
Fig. 2(bed)].
The average local axial and transversal ECM strains due to
indentation were greater in the ACLT group cartilage compared to
the contralateral joint cartilage, but there were no statistically
signiﬁcant difference between the groups (P ¼ 0.059 and 0.355,
respectively, Fig. 3). Also, the average global tissue strain due to
mechanical indentation was greater in the ACLT compared to the
contralateral joint cartilage, but this difference was not statistically
signiﬁcant (P¼ 0.168, Fig. 3). The Young’s modulus of the ACLT joint
cartilage was lower than that of the contralateral joint cartilage
(1.8 MPa (95% CI 1.2e2.3 MPa) and 2.4 MPa (95% CI 1.5e3.2 MPa),
respectively), but the difference was not statistically signiﬁcant
(P ¼ 0.162).Fig. 2. Cell volume (a), height (b), width (c) and depth (d) in ACLT (n ¼ 8, N ¼ 79) and in
mechanical loading, and statistically signiﬁcant differences between conditions (before/after
**P < 0.001, *P < 0.05.Structural analysis
The average thicknesses of the ACLT and contralateral joint
cartilages, 700 mm (95% CI 634e765 mm) and 774 mm (95% CI 709e
839 mm), respectively, were not signiﬁcantly different (P ¼ 0.106).
Collagen content in the ACLT and contralateral groupswas the same
throughout the tissue depth (P > 0.05) [Fig. 4(a)]. Collagen orien-
tation angle increased signiﬁcantly in the ACLT group compared to
the contralateral group (0e9% of tissue depth, P < 0.05) [Fig. 4(b)].
PG content was signiﬁcantly lower in the ACLT than in the
contralateral group tissue [0e24% of tissue depth, P < 0.05,
Fig. 4(c)].Discussion
Chondrocyte response to mechanical loading in a very early
stage of OA was studied with a rabbit ACLT model 4 weeks after
intervention. Amechanical indentation device coupled with a dual-
photon microscope was used for studying cell volume and
morphology in the superﬁcial tissue before and after mechanical
loading. Collagen content, collagen orientation angle and PG
content were studied with FTIR microspectroscopy, PLM and DD,
respectively, in order to reveal changes in cartilage structure andcontralateral joint cartilage (n ¼ 8, N ¼ 76) before (white bar) and after (black bar)
loading: solid line) and groups (average change after mechanical loading: dashed line).
Table III
Average change in cell volume, height, width and depth in ACLT and contralateral groups (n ¼ 8) due to mechanical loading, and statistical differences between the groups (P-
values)
ACLT mean (95% CI) (N ¼ 79) CNTRL mean (95% CI) (N ¼ 77) ACLT vs CNTRL P-value
Change in volume (%) 24.4 (17.2e31.5) 5.3 (8.1 to 2.5) <0.001
Change in height (%) 16.8 (20.3 to 13.2) 23.5 (26.1 to 20.9) 0.003
Change in width (%) 18.7 (15.8e21.5) 13.1 (11.1e15.1) 0.001
Change in depth (%) 26.9 (23.5e30.3) 13.1 (10.0e16.3) <0.001
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the cartilage, chondrocyte volume increased in the ACL transected
joints, while it decreased in contralateral joints. Collagen orienta-
tion angle and PG content were altered in the ACLTgroup compared
to the contralateral group, while collagen content was not different
between the ACLT and contralateral joint cartilages. These results
suggest that cell deformation behavior in mechanically compressed
articular cartilage is altered already 4weeks after ACLT and that this
change could be primarily explained by alterations in collagen
orientation angle and PG content.
Collagen ﬁbrillation and reduced PG content have commonly
been accompanied as one of the earliest changes in OA14,35,49,54e56.
Consistent with these studies, here the Benninghoff-like collagen
ﬁbril architecture57e61 was altered only in the superﬁcial cartilage.
That is, the orientation angle of the collagen ﬁbers was signiﬁcantly
higher in the ACLT joint cartilage compared to the contralateral
joint cartilage, indicating collagen ﬁbrillation in the very early stage
of OA. Signiﬁcantly smaller PG content in the ACLT group cartilage
compared to the contralateral joint cartilage was also consistent
with aforementioned earlier studies.
Collagen content was the same in ACLT and contralateral joint
cartilages. In some earlier studies, collagen content had been found
to decrease in early OA23,49, while it remained unaltered in
others24,62, or decreased only in the later stages of the disease14,56.
Differences in the results might arise from the use of different
measuring techniques (FTIR microspectroscopy, immunohisto-
chemistry), different animals (human, rabbit, bovine), different
animal models (ACLT, meniscus removal, Hulth-Telhag, natural OA),
different measurement sites (patella, femoral condyles) and
different age of the experimental animals. However, our results areFig. 3. Local transversal ECM strain (n ¼ 8, N ¼ 21 pairs), local axial ECM strain (n ¼ 8,
N ¼ 72 pairs) and global axial tissue strain (n ¼ 10/group) in ACLT and contralateral
joint cartilage. Local strains were deﬁned by comparing the distance between paired
cells before and after loading, and global strain by dividing the tissue compression by
cartilage thickness (see text for details).consistent with earlier FTIR microspectroscopy studies24,56, in
which collagen content was not altered in early OA.
Cell volume has been found to decrease under mechanical load
in normal cartilage4,5,31. We found the same for the contralateralFig. 4. Collagen content (AU ¼ absorption unit) (a), collagen orientation angle (b) and
PG content (c) in ACLT (red line) and contralateral (blue line) groups as a function of
tissue depth, deﬁned using FTIR microspectroscopy, PLM and DD, respectively (n ¼ 10/
group).
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response to mechanical loading was the opposite, and cell volume
increased after cartilage loading. The increase in cell volume
resulted from large changes in cell width and depth, directions
parallel to the cartilage surface. In contrast, chondrocytes were
compressed more in the contralateral joint cartilage, while cell
expansion in the plane perpendicular to loading was simulta-
neously smaller, causing reduced cell volume as a result of tissue
compression. In agreement with our results, Han et al.31 found an
increase in cell volume in OA cartilage (ACLT induced OA, 9 weeks
after the intervention), while cell volume decreased in normal
cartilage under mechanical load. Also Tanska et al.63 and Korhonen
and Herzog64 found using ﬁnite-elementmodeling that cell volume
can increase as a result of cartilage loading.
Even though global and local tissue strains were 10e24% greater
and the Young’s modulus of the samples was almost 30% smaller in
the ACLT group compared the contralateral group, these alterations
were not statistically signiﬁcant. Thus, the explanation for the
difference in the behavior of the cells between the groups might
not be found in the ECM biomechanics. Broom and Myers65 saw
collagen ﬁber crimping in the pericellular matrix (PCM) due to
mechanical loading, and speculated that this phenomenon could
act as a protective mechanism to further loading of normal carti-
lage. Guilak et al.66 suggested that the PCM acts as a transducer of
mechanical load in cartilage, and the deformation from the ECM to
cell is shown to be translated non-linearly67. Han et al.31 speculated
that the PCM ampliﬁes the cell deformations at low strains, and
dampens them at large strains. Korhonen and Herzog64 found that
the collagen ﬁbril stiffness of the PCM affects the chondrocyte
response to mechanical tissue loading. Most importantly, they
found an increase in cell volumes if the ﬁbril stiffness of the PCM
decreased sufﬁciently, as may happen in OA cartilage. This result
was conﬁrmed in a recent study63. Furthermore, our preliminary
ﬁndings using ﬁnite-element modeling suggest that the amount of
ﬁxed charge densities (FCDs) in the PCM contributes to the
mechanical response of chondrocytes under tissue compression,
and cell volume increases were observed if the FCD was decreased
sufﬁciently (Tanska et al. unpublished data). Since we found that
the orientation angle of the collagen ﬁbrils was altered and the FCD
was reduced signiﬁcantly in the superﬁcial zone of the ACLT
joint cartilage, the protective mechanisms of the PCM and its
surroundings in the ECMmay have been compromised, resulting in
larger cell expansion and increased cell volume following
mechanical tissue loading. Unfortunately, our methods were not
able to speciﬁcally characterize possible minor changes in the PCM.
The PCM structure and composition in the very early stage of OA
should be characterized with nanoscale techniques, such as trans-
mission electron microscopy. This should give a better indication
of the role of the PCM on cell volumetric behavior in OA
cartilage under mechanical compression. Microscale ﬁnite-element
modeling could further clarify the importance of the ECM and PCM
properties on chondrocyte deformations in OA cartilage64,68e72.
The degeneration of cartilage is traditionally estimated with
histological grading (e.g., Mankin73, Osteoarthritis Research Society
International (OARSI)74). These methods concentrate more on
degenerative changes of cartilage throughout the entire tissue
depth. In the present study, the applied microscopic and spectro-
scopic methods provided us with detailed, local characterization of
tissue structure and composition47e52,75. Speciﬁcally for the
present study, we wanted to characterize the very ﬁrst alterations
in the superﬁcial tissue. Thus, we think that Mankin or OARSI
grading would not have added more detailed information.
In the measurement protocol, we ﬁrst applied a 2 MPa contact
stress, which was followed by a force relaxation for 20 min. The
protocol was based on a previous study by Han et al.31. The appliedload of 2 MPa represents a submaximal compression load on the
patello-femoral joint37. On the other hand, our analysis of cell
volumewas conducted at 20min after tissue compression, which is
near steady-state with negligible ﬂuid ﬂow, while the solid matrix
components should have more important effect on cells. Our
stresses (0.71 and 0.78 MPa) and strains (29 and 24 %) at steady-
state should be in the physiological range (e.g., Hosseini et al.76).
Local tissue strains of 47% and 43% observed in the present study
were also consistent with a study by Shinagl et al.77 in which a 46%
local tissue strain was detected in the superﬁcial cartilage under
a 16% total (global) strain. These results indicate inhomogeneous
tissue structure and composition. Furthermore, choosing a 2 MPa
stress level followed by force relaxation enabled us to compare our
results to previous study by Han et al.31 where similar investiga-
tions were done 9 weeks after ACLT.
Previously it has been shown that the size of the cells increases
with the degree of cartilage degeneration10 and in early OA31. In our
study, however, we found that at a very early stage of OA, the
resting volume of cells was greater in the contralateral joint carti-
lage compared to the ACLT joint cartilage. Earlier, in a HultheTelhag
model of OA in rabbits, degenerative changes were observed also in
the contralateral side, and it was speculated that in the ﬁrst weeks
after surgery, the healthy leg was probably used more23. Interest-
ingly, Rogart et al.23 also reported that the collagen staining in the
contralateral group returned close to the level of the control group
14 weeks after the operation. Thus, there might be some adaptation
in the cartilage structure/cell behavior after the initial changes,
which might even be concentrated primarily on the cell and its
vicinity. On the other hand, since the FCD of PGs creates tissue
swelling and presumably also contributes to cell resting volume, it
may be that smaller cell volume in the ACLT than contralateral
joint cartilage is simply related to the reduced superﬁcial PG
content.
We did not have a separate normal control group in this study.
However, in a recent study cell volume responses following
mechanical loading in cartilage from normal control group animals
(15 months old) were similar to those observed here in the
contralateral group cartilage31. Further processed samples of that
study showed that normal and contralateral group cartilages had
also similar collagen orientation and PG content in the superﬁcial
tissue (78 and unpublished data by Han et al.), parameters that are
suggested to alter cell deformation behavior in this study. Thus, the
contralateral group might be an appropriate sample for a control
group within these time limits (4e9 weeks post surgery).
As indicated above, surprisingly there were no signiﬁcant
differences in global and local tissue strains between the groups.
The insigniﬁcant difference might turn to signiﬁcant with larger
number of samples. On the other hand, in the very early onset of
OA, the change in strain might occur ﬁrst in the cell level due to
possible structural alterations in the PCM, whereas ECM strains
might increase at later stages of OA, such as was discovered at
9 weeks after the ACLT31. The unaltered collagen content might also
have had some role to prevent tissue expansion under loading.
To conclude, this is the ﬁrst study to reveal that changes in the
cartilage structure, primarily increased collagen ﬁbrillation and
reduced PG content, are already present in the very early stage of
OA, and they are accompanied with changes in cell biomechanics.
This is an important ﬁnding, as in order to be able to prevent,
reverse or cure OA, the early developmental phase of OA should be
known in detail. As already a minor collagen ﬁbrillation and
reduced PG content resulted in changed chondrocyte deformation
behavior, possibly leading to changes in cell biosynthesis and
further affecting cartilage structure8,9, strategies and methods for
detecting these alterations and preventing or reversing further OA
progression should be found.
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